Abstract-Wireless personal area networks (WPANs) are drawing more and more attention recently, specially with the proposal of high rate technologies for its physical (PHY) layer. Multiband orthogonal frequency division multiplexing (MB-OFDM) ultra wideband (UWB) and direct-sequence (DS) UWB are the two technologies proposed for the PHY-layer in WPANs. Coexistence issue of the two aforementioned technologies while operating simultaneously in collocated WPANs, is a matter of concern, as they may induce mutual interference. In this paper, we address the channel estimation issue for DS-UWB receiver DEVs, in the presence of multi-user interference (MUI) and MB-OFDM interference. In fact, we use the minimum mean square error estimation (MMSE) to estimate the channel based on a pilot transmission scheme. Later, we employ the maximum likelihood (ML) criteria to detect the data symbols.
I. INTRODUCTION
There are several proposals for the physical (PHY) layer of wireless personal area networks (WPANs). Ultra wideband (UWB) is one of these proposals which provides high rate and short range applications, such as home multimedia. Currently, there are two UWB standards available, multiband orthogonal frequency division multiplexing (MB-OFDM) UWB [1] and direct-sequence (DS) UWB [2] . These two standards may concurrently operate in the same coverage area within a framework of heterogeneous WPANs, because they are both available in the future market.
In the literature there is an extensive amount of research work which address the UWB systems alone, e.g., the system performance evaluation [3] - [7] or the coexistence problem between UWB and narrowband wireless communication systems. However the coexistence of heterogeneous UWBbased WPANs (UPANs) which employ the two aforementioned UWB standards in PHY-layer is not adequately investigated and there are several issues such as the mutual interference and the channel estimation which need further research. Among the works more related to the subject we can mention the ones in [8] - [11] . In [8] , the authors have derived the channel parameter estimates using a maximumlikelihood (ML) approach. They have considered two different techniques for the channel estimation, i.e., data-aided and nondata-aided. This work solely focuses on channel estimation for one pulse position modulation (PPM) time-hopping (TH) UWB transceiver and does not take into account the effects of multi-user interference (MUI) and other external sources of interference. The work in [9] proposes a compressed sensing maximum likelihood (CSML) channel estimator in order to reduce the Nyquist sampling rate, which renders the implementation of UWB systems easier. The authors have shown that while retaining the noise statistics formulation of ML to achieve a reliable performance, the sampling rate is reduced significantly. However, similar to the previous work this work also focuses on single-user communications without considering different sources of interference. In the work reported in [10] , the authors simulated the MB-OFDM UWB and DS-UWB standards to study the effect of the mutual interference between both systems, and proposed to reduce the interference by means of power control. The research work in [11] presents an analysis of the effect of the DS-UWB and TH-UWB systems on the performance of the MB-OFDM standard in terms of BER.
In this paper, we present a channel estimation for the DS-UWB receiver within the novel framework of heterogeneous UPANs, then we use this estimation to evaluate the performance of the system in terms of bit error rate (BER). Specifically, we use a pilot-data transmission phase similar to the approach in [12] in order to estimate the UWB channel based on minimum mean square error estimation (MMSE). Later, in the detection phase this estimation is employed to detect the received bits using a ML criteria. We consider the effect of internal interference or MUI caused by different transmitting DS-UWB systems and also the external interference caused by MB-OFDM transmitters. Our estimation and detection process indirectly contributes to mitigate the effects of different sources of interference. Numerical results are provided to compare the system's performance for different number of interferers. We have also compared our method with the ideal channel state information (CSI) case.
The remainder of this paper is organized as follows. In Section II, the signals and the network models are discussed. Section III addresses the interference analysis at the DS-UWB system. Section IV presents our channel estimation method and Section V discusses the numerical results and comparisons 978-1-4577-0031-6/11/$26.00 ©2011 IEEE ICICS 2011 illustrating the BER performance of the DS-UWB system in the presence of multiple MB-OFDM interferers and the MUI. Finally, concluding remarks are given in Section VI.
II. SIGNALS AND THE NETWORK MODELS
In this section we present the models for the DS-UWB system and MB-OFDM interfering signal along with the network topology.
A. Network Topology
In the heterogeneous coexistence environment, a number of nodes with different UWB technologies share the UWB spectrum. We consider the WPAN as network topology. Fig. 1 shows a typical heterogeneous WPAN topology consisting of two piconets. In the WPAN standard terminology, a piconet is a collection of nodes which form a network with the same technology. Each node is technically called a device (DEV). The piconet controller (PNC) is chosen by other DEVs and is responsible for coordinating and synchronizing the DEVs within the piconet. For this purpose PNC broadcasts beacons to the DEVs at regular superframe intervals. After coordination, the communication is performed directly between the transmitter and receiver, forming a transceiver pair. The first piconet in Fig. 1 consists of DS number of DS-UWB transceiver pairs and the other piconet consists of MB number of MB-OFDM UWB transceiver pairs. Each receiver in a pair is subject to interference from other simultaneously transmitting nodes, whether located in the same piconet or in other piconets.
B. Signals
The transmitted signal symbol of the th DS-UWB DEV can be expressed as:
where is the time index and ( ) is the pulse waveform with fourier transform Q( ) and normalized such that
indicates the number of chips per information bit (hence, the bit energy is given by b = p ), the sequence { , } represents the spreading signature, denotes the hop width, = is defined as frame width and , represents the binary data transmitted. Throughout the analysis, we do not consider the self interference pertaining to DS-UWB reference signal and we assume all the transmitting DS-UWB systems have the same pulse energy.
As for the th MB-OFDM transmitter DEV, the set of symbols { ( ) , , 0 ≤ ≤ − 1} are grouped into blocks which are modulated by an -point IDFT (implemented with FFT) onto subcarriers in the th block interval. After a guard interval is inserted, the purpose of which is to reduce interference between blocks, the general formula for the transmitted sequence of the th MB-OFDM symbol of the th MB-OFDM transmitter DEV is expressed as:
where the first elements are the guard samples which are the summation of the cyclic prefix and the guard interval, ( ) T is the transmit energy of the th MB-OFDM transmitter DEV, and
is assumed to be zero for < − and ≥ . In particular, we consider high data rates for the MB-OFDM system (320 and 480 Mb/s) where the data symbols are assumed independent and identically distributed (i.i.d.). In the high data rate mode, the time spreading factor is considered to be one and the data bits are i.i.d. with respect to different data subcarriers and different data blocks. At the RF block, a carrier is inserted and the signal is taken to the specified carrier frequency with respect to the frequency-hopping pattern of the MB-OFDM system [13] :
where is a constant frequency offset and MB [ ] ∈ {( − 1) Δ : ∈ {1, 2, ..., }} is the additive periodic value used to hop between the MB-OFDM frequency bands, with Δ denoting the subcarrier's bandwidth. Moreover, the frequency hops are chosen based on a deterministic hopping pattern as defined in the MB-OFDM proposed standard [1].
III. SIGNAL PROCESSING AT THE DS-UWB RECEIVER
In this section we present the interference analysis for the multi-user DS-UWB system and the MB-OFDM interfering signals.
A. Multi-User Interference (MUI) Analysis
The signal at the input of the DS-UWB receiver DEV is given by:
where is the number of resolvable path, DS is the number of DS-UWB transmitters, ℎ , is the th user channel amplitude of the th path, , is the th user channel phase of the th path, MB ( ) is the interference resulting from the MB-OFDM transmissions, and ( ) is the thermal noise with doublesided power spectral density 0 /2. A perfect synchronization between the transmitter and the receiver is assumed. We also consider a slowly fading channel so the time dependency of ℎ , and , will be dropped. After passing through the correlation receiver, the output corresponding to the th path of the 0-th bit of the first DS-UWB receiver is written as:
where DS is the MUI, is the contribution of the MB-OFDM interference and DS is the Gaussian noise with the variance 2 DS = 0 /2. Here we ignore the selfinterference effect. The MUI can be written as:
DS in (6) can be further simplified according to [14] :
where¯ and are the partial cross-correlation functions and are defined as [14] :
In (8) and (9), ( ) ( ) and (1) ( ) are given by
The mean value of the real part of MUI is given by 
Assuming independent multipath components for different transmitters, the term
B. MB-OFDM Interference Analysis
By replacing (2) and (3) in (5) and applying some slight changes (considering only one block of data, removing and replacing it with in ( ) , ), the resulting interference term, , is written as [15] :
where we can define ( ) =
( ) as the fourier transform of the left-shifted version of pulse ( ) which gives us a symmetric pulse and the limits of the integral have been changed to the pulse width of the signal, . Equation (15) can be simplified further as:
where
It is important to mention that (16) calculates the interference assuming all transmitters are transmitting at the same time. However, the total interference might be less depending on the network activity factor. Finally, DS is calculated as
IV. CHANNEL ESTIMATION
In order to estimate the UWB channel, we use a well know model similar to the one described in [12] . In this model, the fading amplitudes, ℎ , are modelled as Rice variables and ℎ , , are complex Gaussian variables with independent quadrature components. Before the detection, channel estimation is performed by employing pilot signal. During the pilot transmission a number of identical bits are transmitted from the DS-UWB transmitter to the receiver and the correlators' output pertaining to = 0, ..., − 1 paths is give by
where h = ℎ and I DS is the MUI vector defined as
and the terms, I and n DS are respectively, the MB-OFDM interference vector and thermal noise vector, which are defined similar to I DS . The mean value vector and the covariance matrix of T is given by
[
In (22),
[h] are calculated based on (13) and (14) . The other terms can be derived easily with similar procedures. We use MMSE to estimate h in (20) based on the observation of the pilot vector T.
It can be shown that
After the channel estimation, the detection starts based on a ML test criteria conditioned on the channel estimate. ML test for the 0th detected bit of the ( = 1)th DS=UWB receiver DEV is given by [12] 
where S is a vector composed of real and imaginary parts of correlator outputs which correspond to 0th transmitted bit. S is defined similar to T as
V. NUMERICAL RESULTS
In this section we present the numerical results for the BER performance of the DS-UWB system in the presence of MB-OFDM interferers and MUI. The numerical value considered for the DS-UWB system time slot is = 0.9 . We consider a MB-OFDM system with 128 subcarriers, each with a spacing of 4.125 MHz. Three bands of operation are defined for a mode-1 device, with center frequencies at 3432 MHz, 3960 MHz and 4488 MHz. The MB-OFDM system hops between these three bands based on a uniform sequential hopping sequence [1] . A fixed-point platform is considered for the simulations. For simplicity, the bandwidth of the DS-UWB receiver and MB-OFDM interferers are considered identical. However, through some modifications in the analysis parameters such as the activity factor, the effect of systems' bandwidth difference can be compensated. Second order Gaussian monocycle pulse is assume as the waveform model for the DS-UWB:
where is the time normalization factor with the numerical value given as = 0.16 . In this study we have considered 20 multipath components. Fig. 2 shows the average BER versus b / 0 of the DS-UWB system for ideal CSI in the presence of MB = 5 MB-OFDM interferers and different number of multiuser interferers, DS , and different number of chips, . As we can see, the system performance improves as the number of chips increases. This improvement can be interpreted as a kind of coding gain achieved by increase in the number of chips in the spreading signature. In fact this sequence is multiplied to the signal and the system robustness increases as the chips increase. The increase in the number of chips is less desirable at a fixed frame width, in a reverse interference scenario when the DS-UWB is the source of interference onto a MB-OFDM receiver. It is also observed that DS-UWB is more sensitive to MUI in lower number of chips per information bit. Fig. 3 shows the average BER versus / 0 of the DS-UWB system for ideal CSI and MMSE/ML in the presence of different number of multiuser interferers, assuming = 128 and MB = 5. In this plot we notice that the performance of MMSE/ML receiver is quite acceptable, comparing with the ideal CSI case. However, the performance is more remarkable in lower / 0 .
VI. CONCLUSION
In this paper, we proposed a UWB channel estimation for DS-UWB receivers while impaired by multi-user interference and MB-OFDM interference. Heterogeneous UWBbased WPANs was considered for the network topology. As for the channel estimation, we employed a pilot sequence transmission phase and the minimum mean square error estimation technique. In the data transmission phase, a maximumlikelihood criteria was used to detect the data bits using the channel estimation information which was obtained during the pilot transmission. It was realized that increase in the number of chips in the DS-UWB system can improve the performance significantly, while at the same time it can reduce the system degradation due to an increase in the number of multi-user interferers. The performance of our proposed channel estimation and data detection technique was also compared to the ideal channel state information case and it was observed that its performance is quite acceptable, especially in lower values of / 0 . 
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